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Using as the stimulus a texture pattern of short lines, we compared positional acuity thresholds for 
an orientation-texture-defined (OTD) boundary and a luminance-defined (LD) boundary. Texture 
lines had different orientations but the same luminance on either side of the OTD boundary, and 
different luminances but the same orientation on either side of the LD boundary. For the LD 
boundary, both vernier step acuity threshold and bisection acuity threshold were inversely 
proportional to the number of texture lines per degree (i.e., the pattern's spatial sampling 
frequency) over the entire 1.9-59 samples/deg frequency range investigated, though thresholds 
were considerably lower than the distance between adjacent lines. For the OTD boundary, both 
thresholds were inversely proportional to spatial sampling frequency (though thresholds were 
again considerably ess than the distance between adjacent lines) but only for sampling frequencies 
below 20 samples/deg. For sampling frequencies below 20 samples/deg, the ratio between positional 
acuity thresholds for OTD and LD boundaries was approximately constant (3.5:1 for vernier acuity 
and 1.4:1 for bisection acuity). As sampling frequency was increased beyond 20 samples/deg both 
vernier and bisection acuity thresholds for OTD boundaries rose steeply. Both thresholds fell to a 
minimum near 20 samples/deg. For vernier step acuity the minimum threshold was 2.3 and 2.4 min 
arc (two observers), and for bisection acuity 1.7 and 1.9 min arc. We propose that these minimum 
thresholds approach a physiological limit of positional acuity for an OTD boundary, and that the 
limit is determined by a balance between the progressive improvement of positional acuity caused 
by increasing the frequency of spatial sampling vs the progressive r duction in visibility of the OTD 
boundary caused by the associated reduction in the length of texture lines. These physiological 
limits are far higher than the corresponding limits for sharp-edged high-contrast LD targets (2-5 
and' l -5  sec arc, respectively). For an OTD boundary the effect of orientation contrast on vernier 
step acuity threshold approximated a square root law, while the effect of orientation, contrast on 
bisection acuity approximated a linear law. Observers can combine positional information carried 
by texture contrast with positional information carried by luminance contrast. As to the 
combination rule, our findings are consistent with probability summation between independent 
channels. © 1997 Elsevier Science Ltd. 
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INTRODUCTION 
According to Matin (1972), "Perhaps the most elemen- 
tary fact of visual space perception is that the spatial 
order of stimulus points in the environment remains 
correctly preserved in perception. Around this central 
fact has developed the general viewpoint hat the visual 
perception of direction is mediated in the visual 
neurosensory pathway by a system of local signs that 
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topographically maps locations of retinal stimuli into 
values of perceived irection". 
Rather than directly attempting to measure the 
accuracy with which the absolute position of a local 
spatial feature can be estimated, it is usual to take an 
indirect approach. One such approach is to measure the 
just-noticeable temporal change in the location of a 
single local spatial feature. A second approach is to 
measure the just-noticeable spatial difference in the 
location(s) of two or more local spatial features e.g., by 
means of the vernier acuity procedure or the bisection 
acuity procedure (reviewed in Westheimer, 1979, 1981 
and Morgan, 1991). 
A recent heoretical attempt to model the encoding of 
positional information is a hybrid of the theory of local 
signs and spatial filter theory. According to this line of 
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thought, small differences in the separation of closely 
separated spatial features are encoded in terms of the 
relative activity of the different spatial filters that are fed 
from the same spatial location, but for large separations 
between spatial features, local sign becomes important 
(Wilson, 1985, 1986, 1991; Klein & Levi, 1985). Another 
kind of spatial model--the Watt & Morgan (1985) theory 
of spatial primitives--was developed from the theory of 
local signs via the centroid analysis of Westheimer & 
McKee (1977). A third kind of model postulates 
coincidence detectors that signal the simultaneous 
activation of widely separated receptive fields (Morgan 
& Regan, 1987). 
A limitation of the several models just discussed, is 
that their primary purpose is to describe the processing of 
positional information about luminance-defined (LD) 
local features uch as, for example, a bright line or a 
light-dark edge. In particular, the local spatial filters 
involved are the conventional spatial filters that respond 
to luminance-defined forms such as a Gabor patch. 
However, a local spatial feature in the retinal image can 
be rendered visible not only by luminance contrast, but 
also by any one of the following kinds of spatial contrast: 
colour; motion; texture; disparity. 
Physiologically plausible models of the detection of a 
texture-defined boundary typically involve several stages 
of processing subsequent to the local spatial filtering that 
can detect an LD boundary. For example, at an early 
stage in the processing of an orientation-texture-defined 
(OTD) boundary, the individual texture lines are detected 
by an array of spatial filters that respond to narrow 
luminance-defined targets. At a later stage of processing, 
the OTD boundary is detected by a nonlinear pooling of 
signals from early spatial filters fed from different 
regions of the visual field (Adelson & Bergen, 1985; 
Landy & Bergen, 1991; Bergen & Adelson, 1988; Fogel 
& Sagi, 1989; Sutter et al., 1989; Rubenstein & Sagi, 
1990; Regan & Hong, 1995). It is, therefore, to be 
expected that an observer could more precisely locate a 
sharp high-contrast LD boundary than an OTD boundary. 
But this would not be a fair comparison. A fair compari- 
son would require that the spatial sampling frequencies of 
the LD and OTD targets were equated. A case in point is 
that aspect ratio discrimination threshold for an OTD 
rectangle is only 3.5%--not greatly different from 1.7% 
aspect ratio discrimination threshold for a LD rectangle 
of similar area whose spatial sampling is matched to that 
of the OTD rectangle (Regan et al., 1996). 
The aim of the present research was to determine the 
precision with which positional information is encoded as 
a function of spatial sampling frequency for an OTD 
boundary, and to estimate the physiological limit. We 
used two methods for quantifying an observer's ability to 
discriminate the relative position of local features, 
namely vernier step acuity and bisection acuity. To 
compare positional acuity for OTD and LD boundaries, 
we repeated the experiments using an LD target whose 
spatial sampling frequency was matched to that of the 
OTD target. 
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FIGURE 1. The texture pattern was divided into 1536 imaginary cells, 
each of side length c deg. A texture line of length 0.3c was drawn 
within each cell. The centre of each line was displaced from the center 
of the cell in a random direction. The magnitudes of displacements dv 
and dH ranged from zero to 0.3c. 
GENERAL METHODS 
Apparatus 
A computer (IBM PC clone) controlled two 16-bit 
digital to analog converters (Cambridge Research 
Systems model D300) whose outputs drove the x- and 
y-axes of an electrostatically driven large-screen (40 cm 
horizontal × 31 cm vertical) monitor with P31 phosphor 
(Hewlett-Packard model 1321A), thus allowing 65,536 × 
65,536 screen locations to be addressed. A total of 1536 
short texture lines were drawn on the screen. The texture 
pattern covered a rectangular area that subtended 23 deg 
(vertical) × 15 deg (horizontal). Individual texture lines 
subtended 0.15×0.06deg. In all experiments except 
Expt 6, viewing was binocular from a distance of 47 cm, 
giving an element density of 4.5 lines/deg 2.
Technical details of texture pattern generation were as 
follows. The 65,536×65,536 screen locations were 
divided into a 48 × 32 rectangular array of square cells. 
Each cell had a side length (c in Fig. 1) of 0.48 deg, and 
contained 512 × 512 locations. A line defined by two or 
more dots could be drawn inside each cell. In the present 
experiment we used three dots. The lines were not spaced 
regularly: the location of each line was individually 
jittered on a random basis. Had we used a regular ather 
than a spatially jittered line pattern, vernier and bisection 
acuity thresholds would have had a lower limit equal to 
the distance between adjacent lines. We used the largest 
amplitude of jitter that did not cause overlap between 
lines. The center of each line was displaced from the 
center of its cell by distance dv vertically and dH 
horizontally (Fig. 1). The magnitude of dv had an equal 
probability of falling at any value between zero and 0.3 of 
the cell's side length, and the displacement was randomly 
selected to be upwards or downwards. The magnitude of 
dH similarly had an equal probability of falling at any 
value between zero and 0.3 of the cell's side length, and 
the displacement was randomly selected to be leftwards 
or rightwards. The magnitude and direction of the vertical 
and horizontal jitter displacements were determined by 
different random functions. 
After calculating the jitter of every individual texture 
line, an imaginary vertical ine was drawn at the center of 
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the texture pattern. The line's location in the horizontal 
direction could be varied by one part in 65,536 of the 
width of the pattern, so that the line generally passed 
through cells rather than running along the boundaries 
between cells. For the OTD boundary there were two 
textures. For texture pattern 1, all texture lines whose 
centers fell to the left of the imaginary vertical ine had 
orientation 01, and all texture lines whose centers fell to 
the right of the imaginary vertical ine had orientation 02. 
The two orientations 01 and 02 were symmetrical about 
the vertical. For texture pattern 2, 01 and 02 changed 
places. The magnitude of 01 and 02 could be varied from 
0 to 180 deg. When the magnitude of (0~-0a) was less 
than 90 deg, orientation contrast (/3) was equal to 
(02-0~). When the magnitude of (0~-01) was greater 
than 90 deg,/3 was equal to [180-(0z-0~)] deg. 
To prevent observers from using the sign or the 
orientation of an individual line(s) in a particular location 
on the pattern as a cue to the task, each stimulus presented 
had an equal probability of being texture pattern 1 or 
texture pattern 2. 
Luminance-defined (LD) boundaries were also used. 
For the LD boundary, all the texture lines had the same 
orientation and there were two luminance patterns. For 
luminance pattern 1, all texture lines whose centers fell to 
the left of the imaginary vertical ine had luminance L1, 
and all texture lines whose centers fell to the right of the 
imaginary vertical ine had luminance L2. For luminance 
pattern 2, L~ and L2 changed places. Luminance contrast 
was defined as equal to 100(L1 - Lz)/(L 1 + L2) .  
To prevent observers from using the sign of the 
luminance of an individual ine(s) in a particular location 
in the pattern as a cue to the task, each stimulus presented 
had an equal probability of being luminance pattern 1 or 
luminance pattern 2. 
In all the experiments described below the texture 
pattern was displayed only during a presentation of 
duration 200 msec, a value short enough to ensure that 
observers could not scan the pattern by means of eye 
movements. The positional jitter of the texture lines was 
re-computed for every presentation. 
Calibration 
Luminance contrast was calibrated as follows. The 
intensity of any given line in the texture pattern was set 
by typing a number between zero and 32,000 into the 
computer. The entire texture pattern was imaged onto a 
Tektronix photometer (Model J16). The output of the 
photometer was plotted vs the number typed into the 
computer. The operating point was chosen to be midway 
along the linear part of the graph. 
psychophysics, were naive as to the aims of the 
experiment and were paid an hourly rate. All observers 
had binocular visual acuity of 6/6 or better. 
EXPERIMENT 1: DETECTION THRESHOLDS 
Purpose 
The aims of Expt 1 were to determine (a) orientation 
contrast detection threshold for an orientation-texture- 
defined (OTD) boundary, and (b) luminance contrast 
detection threshold for a LD boundary. 
Methods 
Procedure. A trial consisted of a test presentation and a 
reference presentation. The sequence was random. Each 
presentation lasted 200 msec, and the two presentations 
were separated by a 700 msec interval. The long inter- 
stimulus interval was used to minimize the effects of 
afterimages. In the first part of Expt 1, all texture lines 
had the same luminance in all presentations. During the 
reference presentation all lines were vertical, so that no 
boundary was visible. During the test presentation, a 
vertical OTD boundary was defined by one of four values 
of orientation contrast (/3). In the second part of Expt 1, 
all texture lines were vertical in all presentations. During 
the reference presentation all lines had the same 
luminance so that no boundary was visible. During the 
test presentation, a vertical LD boundary was defined by 
one of four values of luminance contrast. 
Observers were instructed to signal whether the first or 
the second presentation contained the boundary. To 
ensure that observers did not lose heart, the largest value 
of contrast was chosen to give near-100% correct 
responses. On the grounds of efficiency, the other values 
of contrast were chosen to concentrate r sponses around 
80% correct (Levitt, 1971). Each run consisted of 128 
trials. Thresholds were means of 3 runs. 
Analysis of data. Boundary detection threshold was 
estimated by submitting the psychometric function to 
Probit analysis (Finney, 1971). Threshold for detecting 
the TD boundary was defined as equal to 0.5 (f175-fi2~), 
where /375 and fl25 were, respectively, the values of 
texture contrast that gave 75% and 25% "boundary in the 
second presentation" responses. Threshold for detecting 
the LD boundary was defined as equal to 0.5 (Cvs-Czs), 
where C7~ and C25 were, respectively, the values of 
luminance contrast that gave 75% and 25% "boundary in 
the second presentation" responses. 
Observers 
Four observers were used. Observer i (author RG) was 
male aged 26 years. Observer 2 was a female aged 24 
years. Observer 3 was a male aged 21 years. Observer 4
(author DR) a male aged 60 years collected pilot data. 
Observers 1 and 4 were experienced in psychophysics. 
Observers 2 and 3 had no previous experience of 
Results 
Orientation contrast at detection threshold for the TD 
boundary was 1.8 (SE = 0.2) deg, 3.1 (SE = 0.4) deg and 
4.5 (SE = 0.3) deg for observers 1-3, respectively. 
Luminance contrast at detection threshold for the LD 
boundary was 6.1 (SE = 0.4)%, 8.4 (SE = 0.2)% and 7.4 
(SE = 0.6)% for observers 1-3, respectively. 
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FIGURE 2. Photograph of the orientation-texture-defined vernier 
target. 
EXPERIMENT 2: VERNIER STEP ACUITY 
Purpose 
The aims of Expt 2 were to determine (a) the effect of 
orientation contrast (/3 deg) on vernier step acuity for a 
TD boundary, and (b) the effect of luminance contrast 
(C%) on vernier step acuity for a comparable LD 
boundary. 
Procedure 
To create a vernier target, a spatial step of angular size 
7 was added to the vertical ine drawn across the center of 
the pattern. The spatial step was exactly midway along 
the length of the vertical line. This step could be as 
illustrated in Fig. 2 or in the opposite direction. 
Luminance defined (LD) vernier targets were also used. 
Presentation duration was 200 msec. There were eight 
values of the vernier step (7) arranged symmetrically 
about 7 = 0. The subject's task was to signal whether the 
upper half of the vernier step target was to the right or to 
the left of the lower half [e.g. in Fig. 2 the correct 
response is "to the right"]. The values of 7 were selected 
to concentrate r sponses near 80% correct on the grounds 
of efficiency (Levitt, 1971), while ensuring that the 
largest value of 7 gave near-100% correct responses to 
prevent observers from losing heart. Because presenta- 
tion duration was so brief it was necessary that observers 
should know ahead of time the approximate location of 
the boundary within the pattern. Otherwise, the boundary 
might not be viewed foveally, so that the texture lines on 
either side of the boundary which determine the visibility 
of the boundary (Nothdurft, 1985) would not appear 
sharp and well defined. For this reason, the lower half of 
the boundary was always located midway across the 
pattern, and the upper half of the boundary was moved by 
a small amount to create the vernier step. In any given 
run, each of the eight values of 7 was presented eight 
times. The value of orientation contrast /~ was constant 
during any given run. 
Analysis of data. Vernier step thresholds were 
estimated by subjecting the psychometric function to 
Probit analysis (Finney, 1971), and defining threshold as 
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FIGURE 3. Vernier step acuity (filled symbols, continuous lines) and 
bisection acuity (open symbols, broken lines) for a boundary defined 
by orientation contrast. The reciprocal of acuity threshold isplotted as 
ordinate vs orientation contrast on log-log axes. The continuous lines 
are best fits to a square root law. The broken lines are best fits to a 
linear law. 
equal to 0.5 (~'75--~25), where ~'75 and ~25 were, 
respectively, the values of 7 for 75% and 25% "upper 
half of the boundary to the right of the lower half" 
responses. 
Results 
Filled circles in Fig. 3(A-C) plot vernier step 
sensitivity (i.e., the inverse of threshold expressed in 
deg) vs orientation contrast. The lowest values of vernier 
step threshold for the TD boundary were 9.2, 8.4 and 8.0 
arc rain for observers 1, 2 and 3, respectively. 
For all three observers, the effect of orientation 
contrast on sensitivity could be closely approximated 
by a square root law (continuous line). The best-fitting 
square root law gave R 2 values of 0.90, 0.93 and 0.92, 
respectively for the filled circles in Fig. 3(A-C). As a 
control, we fitted the data points to the more general 
equation S = a + bfl n, where S was sensitivity and [:~ was 
orientation contrast, and a, b and n were constants. When 
the value of n is allowed to assume any value, the fit 
would in general be expected to be better than with n set 
to a predetermined value. Nevertheless, the resulting R z 
values (0.92, 0.93 and 0.92) were no higher than those for 
the best-fitting square root law. When we set n = 1 (i.e., a 
linear law) the fit was not as good as for the square root 
law (R 2 values of 0.85, 0.81 and 0.82 for observers 1-3, 
respectively). 
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FIGURE 4. Vernier step acuity (filled symbols, continuous lines) and 
bisection acuity (open symbols, broken lines) for a boundary defined 
by luminance contrast. The reciprocal of acuity threshold is plotted as 
ordinate vs luminance contrast on log-log axes. 
Filled circles in Fig. 4(A-C) plot vernier step 
sensitivity (expressed in deg -1) for the LD boundary vs 
luminance contrast. The lowest values of vernier step 
threshold for the LD boundary were 6.1, 6.5 and 6.4 arc 
min for subjects 1, 2 and 3, respectively. 
A square root law fitted the filled circles in Fig. 4(A-C) 
less closely than in Fig. 3(A-C); R 2 values were 0.74, 
0.89 and 0.80, respectively in Fig. 4(A-C). The fit was a 
little closer when we used the more general equation 
S=a +bCn; R 2 values were 0.75, 0.89 and 0.85, 
respectively for observers 1-3. Recognising that the 
filled circles in Fig. 4(A-C) showed a steep initial rise 
followed by a flattening at high contrasts we used a two- 
line fit. We fitted low-contrast and high-contrast data 
points separately to the general equation S = a + bC ~. The 
resulting R2 values were 0.91, 0.95 and 0.78 for observers 
1-3, respectively. These two-line fits are shown with 
solid lines in Fig. 4. 
EXPERIMENT 3: BISECTION ACUITY 
Purpose 
The aims of Expt 3 were to determine (a) the effect of 
orientation contrast on bisection acuity for a TD 
boundary, and (b) the effect of luminance contrast on 
bisection acuity for a comparable LD boundary. 
Procedure and analysis o f  data 
The procedure and analysis of data were the same as in 
Expt 2 except that the lower half of the pattern was 
removed, and observers were instructed to judge whether 
the boundary was to the left or to the right of the center of 
the pattern. 
Results 
Open triangles in Fig. 3(A-C) plot the reciprocal of 
bisection acuity threshold for the OTD boundary vs 
orientation contrast. The lowest values of bisection acuity 
threshold were 9.9, 13.8 and 14.8 min arc in Fig. 3(A-C), 
respectively. 
The bisection acuity data differed from the vernier 
acuity data in that bisection acuity was proportional to 
orientation contrast while, as already noted, vernier 
acuity closely approximated a square root law for all 
three observers. The dashed lines in Fig. 3(A-C) are the 
best- fitting linear laws (45 deg slope on log-log axes). 
The R 2 values were 0.90, 0.88 and 0.94, respectively in 
Fig. 3(A-C). As a control, we fitted the data points to the 
more general equation S = a + bfl n. The resulting R 2 
values (0.90, 0.89 and 0.96) were no higher than those for 
the best-fitting linear law. 
Open triangles in Fig. 4(A-C) plot the reciprocal of 
bisection acuity threshold for the LD boundary as a 
function of luminance contrast. The lowest values of 
bisection acuity threshold were 9.2, 7.4 and 7.0 for 
observers 1, 2 and 3, respectively. 
We fitted the open triangles in Fig. 4(A-~C~ to the 
general equation S = a + bC n. The resulting R values 
(0.82, 0.94 and 0.88) were not greatly higher than for the 
best-fitting square root law (with n = 0.5, R 2 values were 
0.80, 0.89 and 0.87). The fits were not nearly as good for 
a linear law (with n = 1.0, R 2 values were 0.1, 0.41 and 
0.72). The dashed line in Fi~. 4(A-C) shows a two-line fit 
as described above (the R values were 0.77, 0.95 and 
0.80 for observers 1-3, respectively). 
EXPERIMENT 4: CONTROL EXPERIMENT 
Purpose and rationale 
Clearly, it could not have been the case that observers 
carried out a vernier step task when instructed to perform 
a bisection task. On the other hand, it is, in principle, 
possible that observers carried out a bisection acuity task 
when instructed to perform a vernier step task. (This is 
because the lower half of the boundary within the texture 
pattern remained fixed while the upper half of the 
boundary changed location so as to vary the vernier step.) 
As a control we carried out an experiment in which the 
location of the entire boundary was randomly jittered. 
Our rationale was that, if we had truly measured vernier 
step acuity in Expt 2, this jitter would increase bisection 
acuity threshold considerably more than vernier step 
threshold. 
Procedure 
The procedure was the same as in Experiments 2 and 3 
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FIGURE 5. Positional jitter of the OTD boundary. On some trials the 
boundary was near the left edge of the pattern (A), while on other trials 
it was near the right edge (B). The location of the boundary was chosen 
randomly and could take on any value between ± 1.33 deg from the 
centre of the pattern. 
except hat the top half of the OTD or LD boundary was 
no longer always at the center of the texture pattern as 
shown in Fig. 2. Instead, the entire boundary was 
subjected to positional jitter on a trial-to-trial basis as 
illustrated in Fig. 5. On some trials the boundary was near 
the left edge of the texture pattern [Fig. 5(A)] while on 
the other trials it was near the right edge of the texture 
pattern [Fig. 5(B)]. The bisection task would clearly be 
impossible for the large amount of jitter illustrated in Fig. 
5. However, a large amount of jitter would also degrade 
vernier acuity by causing the boundary to fall outside the 
fovea on most trials so that the texture lines adjacent o 
the boundary would not be seen clearly. The amount of 
jitter was set by trial and error at up to _+ 1.33 deg (flat 
probability function). This was a compromise between a
jitter amplitude too small to have a large effect on 
bisection acuity judgments, and a jitter amplitude so large 
that vernier step acuity was appreciably degraded. 
In the first part of Expt 4 we alternated measurements 
of vernier step acuity and bisection acuity for the TD 
boundary until three psychometric functions had been 
collected for each condition. The orientation contrast was 
held constant at 70 deg. The second part of Expt 4 was the 
same as the first part except that the boundary was 
luminance-defined. The boundary jitter for the LD target 
caused the total light flux from the entire pattern to vary 
but luminance contrast at the boundary edge did not 
change. The luminance contrast was held constant at 
7O%. 
Results 
For the texture-defined boundary, vernier step 
threshold was 13 (SE = 1)min arc and bisection acuity 
was 51 (SE = 6) min arc for observer 1. The difference 
between these thresholds was highly significant 
(t = 6.29, P < 0.001, dF = 4). Corresponding results for 
observers 2 and 3 were as follows. Observer 2 :18  
(SE= 3) rain arc; 49 (SE= 4) rain arc; t=  5.96, 
P < 0.001, dF = 4. Observer 3 :16  (SE = 1) min arc; 42 
(SE = 5); t = 5.4, P < 0.001, dF = 4. 
For the luminance boundary, vernier threshold was 6.7 
(SE = 0.8) for observer 1. Bisection acuity threshold was 
35 (SE = 2). This difference was significant at the 
P = 0.001 level (t = 11.9, dF = 4). Corresponding results 
for observers 2 and 3 were as follows. Observer 2:7.5 
(SE = 2) and 37 (SE = 6), t = 4.71, P < 0.001, dF = 4. 
Observer 3 :6 .2  (SE = 0.4) and 35 (SE = 1), t 28.6, 
P < 0.001, dF -= 4. 
A comparison of the results for Expts 2 and 4 shows 
that vernier acuity thresholds were somewhat higher 
when positional jitter of the boundary was present. Ratios 
between jitter and no jitter thresholds were 1.4:1, 2.1:1 
and 2:1 for observers 1-3, respectively for the OTD 
boundary. Similar results were obtained for the LD 
target. Ratios were 1.05:1, 1.15:1 and 1.03:1 for 
observers 1-3, respectively. We propose that this 
elevation in threshold occurred because our 200 msec 
presentation combined with a _+ 1.33 deg positional jitter 
caused the boundary to be presented outside the fovea on 
some trials. 
Conclusions 
Since observers could still perform the vernier acuity 
task when bisection information was removed as a cue we 
conclude that the filled circles in Fig. 3(A, B) and Fig. 
4(A, B) represent vernier step acuities. 
EXPERIMENT 5: EFFECT OF BOUNDARY LENGTH 
ON THE PRECISION OF POSITIONAL ENCODING 
Purpose and rationale 
In Experiments 2 and 3 the OTD boundary "popped 
out" immediately when orientation contrast was high and 
was seen as a sharply defined illusory contour. However, 
when the height of the texture pattern was reduced to only 
a few lines the boundary no longer popped out and did not 
appear to be sharp, and at the same time both vernier step 
acuity and bisection acuity were degraded. Thus, the pop 
out and sharpness of the illusory contour equired spatial 
integration along the length of the texture boundary. The 
purpose of Expt 5 was to quantify the effect of spatial 
summation along the texture boundary. 
Methods" 
Procedure. All the texture patterns had a width of 32 
cells. The height was varied from 6 to 56 cells for TD 
boundaries and 2 to 56 for LD boundaries. In the first part 
of Expt 5, we measured vernier step acuity and bisection 
acuity thresholds for a TD boundary. Orientation contrast 
was held constant at 70 deg, a value that gave a step 
vernier threshold near the minimum value found in Expt 
2. In the second part of Expt 5 we measured step vernier 
acuity and bisection acuity for an LD boundary. The 
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FIGURE 7. The effect of boundary length (abscissa) on bisection 
acuity threshold (ordinate) for a boundary defined by orientation 
contrast (filled symbols, continuous lines), and for a boundary defined 
by luminance contrast (open symbols, broken lines). Both axes are 
linear. 
orientation of all lines was 45 deg, and luminance 
contrast was held constant at 70%, a value that gave a 
step vernier threshold near the minimum value found in 
Expt 2. 
Otherwise the procedure was the same as used in 
Experiments 2 and 3. 
Results 
Filled circles in Fig. 6(A-C) show that vernier step 
sensitivity for an OTD boundary rose steeply as the 
length of the boundary was increased up to between 6 and 
16 lines (2.9-7.7 deg), and then either increased more 
slowly or remained approximately constant as the height 
of the boundary was further increased up to 56 lines 
(27 deg). To quantify length summation we fitted the 
vernier acuity thresholds to the function a + b exp(-x/c), 
where x was boundary length, and regarded summation as 
essentially complete when x :- 2c. For the OTD bound- 
ary, values of 2c were 5.5, 3.1 and 15 lines for observers 
1-3, respectively. 
The effect of boundary length on vernier acuity was 
similar for a boundary defined by luminance contrast 
[open circles in Fig. 6(A-C)]. For the LD boundary, 2c 
values were 3, 6.2 and 5.1 lines for observers 1-3, 
respectively. 
Figure 7(A-C) (open and filled symbols) shows that 
the effect of boundary length on bisection acuity was 
similar for an OTD and LD boundaries, and resembled 
the effect of boundary length on vernier acuity threshold 
illustrated in Fig. 6(A-C). We fitted the bisection acuity 
thresholds to the function a + b exp(-x/c). Values of 2c 
were 5.6, 6.0 and 7.8 for the OTD boundary for observers 
1-3, respectively. For the LD boundary, 2c values were 
7.9, 6.0 and 19 lines for observers 1-3, respectively. 
Conclusions 
The precision with which the location of an OTD 
boundary is encoded rises steeply as the length of the 
boundary is increased up to 16 lines (8 deg), but further 
increases in length have little effect. Since this pattern of 
results was also observed for an LD boundary we cannot 
regard the shape of the curves in Figs 6 and 7 as 
informative about the positional encoding of OTD 
boundaries in general. 
EXPERIMENT 6: PHYSIOLOGICAL LOWER LIMITS 
FOR VERNIER AND BISECTION ACUITIES 
Purpose and rationale 
It is well known that the physiological imits for 
1720 R. GRAY and D. REGAN 
vernier and bisection acuities are, respectively, 2-5 sec 
arc and 1-5 sec arc when a high contrast, sharp-edged LD 
target is used (Westheimer, 1979; Westheimer & McKee, 
1977; Klein & Levi, 1985; Watt & Morgan, 1984; 
Morgan, 1991). Both the OTD and LD thresholds 
reported in Experiments 2 and 3 were far higher than 
these physiological limits. One reason for this disagree- 
ment was that the spatial sampling of our targets was 
coarser than that of the targets used in the studies just 
cited. For the particular value of spatial sampling used in 
Experiments 2 and 3, both the vernier and bisection 
acuity thresholds were lower for the LD boundary than 
for the OTD boundary, but the differences were small, 
ranging from 1.1:1 to 2.1:1. The purpose of Experiment 6 
was to determine the physiological ower limits for 
vernier and bisection acuity thresholds for an OTD 
boundary. 
Methods  
Procedure  and  ana lys is  o f  data.  The procedure and 
analysis of data were the same as in Expts 2 and 3 except 
that the spatial sampling frequency of the grating was 
varied by using several viewing distances between 45 and 
1280 cm. 
Observers .  Observers 1 and 3 carried out Expt 6. 
Resu l ts  
Filled symbols in Fig. 8(A and B) plot vernier step 
sensitivity for the LD boundary vs the spatial sampling 
frequency (expressed as the mean number of texture 
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symbols) and texture-defined (open symbols) boundaries vs the spatial 
sampling frequency F (i.e., the number of texture lines/deg). Solid 
lines are best fits to the equation S = a + bF  I° .  Plots are on log-log axes. 
lines per deg). The data points were first fitted to the 
general equation S = a + ibF", where S is vernier step 
sensitivity, F is the spatial sampling frequency and a, b 
and n are constants. The values of n were 1.0 and 0.94, 
and the R 2 values 0.98 and 0.98 for observers 1 and 3, 
respectively. The fit was not worse when we set the value 
of n at 1.0, shown by the solid line in Fig. 8(A and B); R 2 
values were 0.98 and 0.99 for observers 1 and 3, 
respectively. 
Open circles in Fig. 8(A and B) plot vernier step 
sensitivity for the OTD boundary vs the spatial sampling 
frequency. For sampling frequencies less than 20 
samples/deg the data points were closely fit by the 
general equation S = a + bF"  (n = 0.77 and R z -- 0.9 for 
observer 1, n = 0.43 and R 2 = 0.88 for observer 3). For 
observer 1the fit was hardly worse when we set the value 
of n at 1.0 [solid line in Fig. 8(A); R 2= 0.82]. For 
observer 3, however, the fit was less good when n was set 
at 1.0 [solid line in Fig. 8(B); R 2 = 0.70]. 
Over the range of sampling frequencies between 2 and 
20 samples/deg, vernier step sensitivity was not greatly 
less for the OTD boundary than for the LD boundary 
[mean ratio were 2.5 (SE = 0.4): 1 and 4.4 (SE = 0.8): 1 
for observers 1 and 3, respectively. 
However, as sampling frequency grew appreciably 
greater than 20 samples/deg, vernier step sensitivity fell 
steeply for the OTD boundary. The ratio between vernier 
step sensitivities for LD and OTD boundaries was much 
larger than for sampling frequencies below 20 samples/ 
deg. (For example, at a sampling frequency of 30 
samples/deg, ratios were 132:1 and 105:1 for observers 
1 and 3, respectively.) The lowest values of vernier step 
acuity threshold were 2.5 (SE = 0.6) min arc in Fig. 8(A) 
and 2.7 (SE = 1) rain arc in Fig. 8(B). 
Similar results were obtained for bisection acuity. 
Filled symbols in Fig. 9 plot bisection acuity sensitivity 
for the LD boundary vs the spatial sampling frequency. 
The data points were fitted to the general equation 
S = a + bF",  where S was bisection acuity sensitivity, F
was the spatial sampling frequency and a, b and n were 
constants. The values of n were 0.90 and 0.89 and the R z 
values were 0.95 and 0.98 for observers 1 and 3, 
respectively. The fit was no worse when we set n = 1.0 
(shown by solid lines in Fig. 9); R ~ values were 0.94 and 
0.97, respectively for observers 1 and 3. 
Open symbols in Fig. 9 plot bisection acuity sensitivity 
for the OTD boundary vs the spatial sampling frequency. 
As was the case for vernier acuity, data for sampling 
frequencies below 20 samples/deg were fitted closely by 
the general equation S = a + bL". Values ofn and R 2 were 
0.75 and 0.96 for observer 1 and 0.70 and 0.91 for 
observer 3. The fit was still good when we set n = 1.0 
(solid lines in Fig. 9); R 2 values were 0.85 and 0.74 for 
observers 1 and 3, respectively. Over the range of 
sampling frequencies between 2 and 20 samples/deg, 
bisection acuity sensitivity was only slightly lower for the 
OTD boundary than the LD boundary [mean ratios were 
1.3 (SE = 0.1):1 and 1.5 (SE = 0.2):1 for observers 1 and 
3, respectively]. 
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As was the case for vernier step acuity, when spatial 
sampling frequency was appreciably greater than 20 
samples/deg the data points departed from the line (open 
circles in Fig. 9). The lowest values of bisection acuity 
threshold were 1.7 min arc in Fig. 9(A) and 2.2 rain arc in 
Fig. 9(B). 
For sampling frequencies greater than 20 samples/deg, 
bisection acuity sensitivity fell sharply. The ratio 
between bisection acuity sensitivities for LD and OTD 
boundaries was much larger for sampling frequencies 
greater than 20 samples/deg than for lower sampling 
frequencies. (For example, at a sampling frequency of 30 
samples/deg, ratios were 24:1 and 33:1 for observers 1
and 3, respectively.) 
In an attempt to more closely approach the lower 
physiological limits of vernier step acuity threshold and 
bisection acuity threshold for OTD boundaries, we 
repeated Expt 6 with texture line length increased from 
0.3 to 0.6 times the mean distance between adjacent lines. 
This approximated the longest possible line length if we 
were to avoid overlap between lines, and yet retain some 
spatial jitter. (Jitter was up to _+ 0.15 of the mean distance 
between adjacent lines.) Neither vernier step threshold 
nor bisection acuity threshold was significantly reduced 
by the increase of line length. Vernier step thresholds 
were 2.3 (SE = 0.7) rain arc and 2.4 (SE = 0.6) min arc for 
observers 1 and 3 respectively; bisection acuity thresh- 
olds were 1.7 (SE = 0.8) min arc and 1.9 (SE = 0.9) min 
arc for observers 1 and 3 respectively. 
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EXPERIMENT 7: COMBINATIONS OF TEXTURE AND 
LUMINANCE CONTRAST 
Purpose  
The purpose of Expt 7 was to compare vernier acuity 
for combinations of texture and luminance contrast vs 
performance with either texture contrast alone or 
luminance contrast alone. 
Methods  
Procedure .  We interleaved five measurements of 
vernier acuity threshold for each of the following three 
conditions: (1) / /=  70 deg, C = 20%; (2) fl = 70 deg, 
C ---- 0%; (3) fl = 0 deg, C = 20%. 
Resu l ts  
Vernier acuity thresholds for the three conditions are 
shown in Fig. 10. Black bars are for condition 1, white 
bars are for condition 2 and grey bars are for condition 3. 
It is evident to visual inspection that vernier threshold 
was lowest for condition 1, intermediate for condition 2 
and highest for condition 3. For subject 1, two tailed 
t-tests revealed a significant difference between (lumi- 
nance + texture) vs texture alone (t = 3.38, P < 0.001, 
dF = 8) and (luminance + texture) vs luminance alone 
(t = 4.83, P < 0.001, dF = 8). Corresponding statistics 
for observers 2 and 3 were as follows. Observer 2: 
t=3.3 ,  P<0.001,  dF=8 and t=7.65 ,  P<0.001,  
dF=8.  Observer 3: t=2.72 ,  P<0.05 ,  dF=8 and 
t = 13.4, P < 0.001, dF = 8. 
Conc lus ions  
In accordance with the findings of Rivest & Cavanagh 
(1996), we conclude that observers can combine posi- 
tional information carried by texture contrast with 
positional information carried by luminance contrast. 
Figure 10 indicates that the combination rule is not 
"winner take all". Nor is there evidence of marked 
nonlinear facilitation. Our findings are consistent with 
probability summation between independent channels. 
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GENERAL DISCUSSION 
First, we discuss positional acuities for an OTD 
boundary. We report that, provided the spatial sampling 
frequency (i.e., mean number of texture lines per deg) is 
appreciably lower than 20 samples/deg, the relative 
location of an OTD boundary is encoded with a precision 
that is not greatly inferior to the precision with which a 
comparable LD boundary is located. For spatial sampling 
frequencies between 2 and 20 samples/deg, both vernier 
step acuity threshold and bisection acuity threshold are 
approximately proportional to the reciprocal of spatial 
sampling frequency. Nevertheless, both thresholds are 
considerably lower than the mean separation between 
adjacent texture lines. For example, when line separation 
was 29 min arc, vernier step acuity was 8.0 and 9.2 min 
arc and bisection acuity threshold was 9.9 and 14.8 min 
arc for two observers. Subjectively too, the OTD 
boundary appeared to be considerably sharper than the 
mean distance between adjacent lines. 
We propose that the lowest values of vernier step 
acuity threshold (2.3 and 2.4 min arc for observers 1 and 
3, respectively), and the lowest values of bisection acuity 
threshold (1.7 and 1.9 rain arc) for observers 1 and 3, 
respectively) are physiological lower limits for an OTD 
boundary. We suggest hat these physiological limits 
reflect a balance between two opposing tendencies: 
increasing the spatial sampling frequency tends to lower 
the positional acuity thresholds; on the other hand, 
reducing the length of the texture lines below approxi- 
mately 1 min arc (this occurred at a sampling rate of 20 
samples/deg in the present study) degrades the discrimi- 
nation of line orientation and the visibility of an OTD 
boundary. 
Next, we discuss positional acuities for an LD 
boundary. Both vernier acuity threshold and bisection 
acuity threshold are closely proportional to the reciprocal 
of spatial sampling frequency over the entire range of 
sampling frequencies. Nevertheless, both thresholds are 
considerably lower than the mean separation between 
adjacent texture lines. 
For sampling frequencies less than 20 samples/deg, the 
ratio between positional acuity thresholds for OTD and 
LD boundaries i approximately constant (2.5:1 to 4.4:1 
for vernier step acuity and 1.3:1 to 1.5:1 for bisection 
acuity), thresholds for the OTD boundary being higher 
than for the LD boundary. These ratios for positional 
acuities are not greatly different from the 2.1:1 ratio 
between two-dimensional aspect ratio discrimination 
thresholds for OTD and LD rectangles and the 1.6:1 
ratio between orientation discrimination thresholds for 
OTD and LD bars (Regan et al., 1996; Regan, 1995). 
They are also comparable with the 2.4:1 ratio obtained 
for a curvature discrimination task using a texture- 
defined target (Wilson & Richards, 1992). Furthermore, 
the ratios found in the present study are comparable to 
ratios found for other non-Fourier targets. For example, 
for a target defined by contrast modulation, thresholds 
were 2.3 times higher for an orientation discrimination 
task and 1.4 times higher for a spatial frequency 
discrimination task than thresholds measured for a 
comparable LD target (Lin & Wilson, 1996). Also, 
Vogels & Orban (1987) found that orientation discrimi- 
nation thresholds for lines defined by illusory contours 
were about wo-fold higher than thresholds for dark lines 
on a white background. A 2:1 difference in thresholds 
between on-Fourier and Fourier targets is predicted by a 
two-stage processing model for non-Fourier stimuli 
(Wilson & Richards, 1992). 
Rather than comparing positional acuities for OTD and 
LD boundaries that are matched for spatial sampling 
frequency, it is also of interest to compare the 
physiological limits of positional acuities for the two 
kinds of boundary. Here the story is quite different. As 
mentioned earlier, for sharp-edged high contrast LD 
boundaries whose spatial sampling frequency is very 
high, vernier step acuity can be as low as 2-5 sec arc and 
bisection acuity can be as low as 1-5 sec arc. Our 
proposal that the corresponding physiological limits for 
OTD boundaries are approximately 2.3-2.4 rain arc and 
1.7-1.9 rain arc implies that, at the physiological limits, 
the ratios between thresholds for OTD and LD bound- 
aries are about 80:1 for vernier step acuity and 40:1 for 
bisection acuity, presumably because of the spatial 
pooling that precedes detection of an OTD boundary. 
There are several previous reports tha, for LD targets 
the effect of luminance contrast on both vernier acuity 
and bisection acuity approximates a square root law 
(Watt & Morgan, 1983; Morgan & Regan, 1987; Morgan, 
1991). A proposed explanation for these findings is that 
the localization of the retinal ight distribution of a bar or 
boundary is a statistical decision process in which the 
estimation of a central tendency would be expected to 
vary with the square root of signal amplitude (Watt & 
Morgan, 1984; Morgan, 1991). Here we report that, for 
both vernier acuity and bisection acuity, the square root 
law provides a rough approximation for targets whose 
spatial sampling is sparse, though a two-line fit cannot be 
excluded. 
Our finding that the effect of orientation contrast ([:¢) on 
vernier step acuity for an OTD boundary closely 
approximates a square root law demands a different 
explanation to that previously proposed for the effect of 
luminance contrast on vernier step acuity for an LD target 
(Watt & Morgan, 1983; Morgan, 1991). For example, if 
we attempt o explain the square root law for an OTD 
boundary in terms of signal-to-noise ratio, the variance 
involved would be the variance of orientation-contrast 
signal rather than the variance of the luminance-contrast 
signal. 
Turning to the bisection acuity task, our evidence 
suggests that, for OTD boundaries, the process under- 
lying bisection acuity and vernier acuity are different. 
The effect of orientation contrast ([:~) on bisection acuity 
for an OTD boundary approximates a linear law while, as 
mentioned already, the effect of orientation contrast on 
vernier step acuity for an OTD boundary follows a square 
root law. We thank one of the referees for suggesting that 
relative location within large spaces (bisection) and small 
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spaces (vernier) may represent different regimes that 
depend differently on orientation contrast. 
Finally, it has been suggested that, in general, 
luminance contrast overrides other kinds of contrast in 
encoding boundary location (Gregory, 1977; Gregory & 
Heard, 1979; Grossberg & Mingolla, 1985; Livingstone 
& Hubel, 1988; Yeh et al., 1992). Our findings 
complement those of Rivest & Cavanagh (1996) in 
showing that, when the special advantage of high 
resolution for solid high-contrast targets is removed, 
luminance contrast does not have an overriding role in 
encoding boundary location. 
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